Abstract Acute effects of nicotine (NC) on the microcirculation of frog webs were studied by measuring the blood flow velocity in arterioles, and by determining the diameter of both arterioles and venules. Simultaneous recordings of the ventricular pressure and heart rate were obtained in order to compute the vascular resistance and to interpret the changes in microcirculation. The web of right hindlimb was immersed in a solution of NC (2.6 to 3.4 mg/ml) for 4 min. Blood flow velocity in web arterioles of left hindlimb was measured by means of a laser Doppler microscope. Internal diameters of web microvessels were determined using a micrometer on the ocular lens of the microscope. Mean flow velocity (MV) and pulsatile amplitude (PA) were calculated from the pulsatile flow-velocity contour for each vessel. Both MV and PA were increased after the immersion of the web in NC solution. Although the magnitude of the increment in MV was proportional to that in ventricular pressure, the vasodilation of both arterioles and venules and the flow rate in arterioles higher than the initial state continued even after the ventricular pressure had returned to the initial control value. Calculation of the relative change in vascular resistance in web arterioles following NC administration suggested a vasodilator response to NC. Furthermore, our results indicate that sufficient NC can be absorbed across the web epithelium to produce a systemic vascular response when the concentration of NC in the bathing solution is 2.6 mg/ml.
Previous studies of the peripheral circulatory response to nicotine (NC) show conflicting results. Vasoconstriction in isolated hind limb muscle of frogs during NC exposure (HANDOVSKY and PICK, 1913 ; HAIMOVICI, 1948) has been reported. Both vasoconstriction and vasodilation with NC have been shown in isolated rabbit ear cutaneous vessels (KOTTEGODA, 1953; GRAHAM et al., 1971) , skeletal muscle of cats (HILTON, 1954) and rat mesentery (ALBERTINI et al., 1966) . In contrast the only response to NC observed in bat wings has been vasodilation 772 M. HORIMOTO and T. KOYAMA (MARTZ et al., 1970) . These conflicting results suggest a need for comparative studies in different species of experimental animals and tissues. Previous investigators have not studied the effects of NC on blood flow velocity in peripheral blood vessels while recording arterial blood pressure. In the present study we have obtained new information on microcirculatory response to NC in intact frog webs by simultaneously measuring the blood flow velocity in arterioles, microvessel diameter, and ventricular blood pressure. Although the NC concentration in blood was not determined, a concentration of NC for application to the frog's web was selected which would cause elevations in ventricular pressure and heart rate similar to those seen in human subjects after smoking (IRVING and YAMAMOTO, 1963) .
METHODS
The blood flow velocity in microvessels was measured by the laser Doppler microscope (LDM) (KoYAMA et al., 1975; HORIMOTO et al., 1979 HORIMOTO et al., , 1981 HUGHES et al., 1981) . The experimental arrangement is schematically shown in Fig. 1 and the principle of the LDM design is briefly as follows. Dual beams of a HeNe laser were crossed at the center of a microvessel in the frog web observed through a microscope. The center line of the intersection of the beams was adjusted to be perpendicular to the longitudinal axis of the vessel. The dual laser beams were scattered by the passing red blood cells and each beam underwent a differential Doppler shift. When the scattered light was collected by a microscope objective lens and detected by a photomultiplier, the differential Doppler shift yielded burst-like beat signals as blood cells passed one after another. The wave period of the signals is inversely proportional to the flow velocity of red blood cells. The wave period of the beat signals was measured by an on-line beat signal analyzer (Nihon-Kagaku-Kogyo Co., Japan), processed in a timesharing device triggered by the R-wave of each ECG, and stored in 16 channels of a 4-k memory of a microcomputer as a function of the time elapsed after the R-wave. The time-interval covered by each channel was manually set at either 80 or 100 msec depending on the duration of each cardiac cycle. Each channel consisted of 250 memories, each of which was alloted to one of the probable wave periods. The frequency of occurrence of a wave period was cumulatively memorized in the alloted memory during the preset time-interval. After completion of repeated measurements during the first time-interval, the beat signal analyzer was connected with the next channel of the memory system and then the same sequence of data processing was followed for the next time-interval. This procedure of data storage was repeated for the other sequential memory channels. Measurements of the wave period were continued during a number of cardiac cycles and more than 2 min were required to obtain 16 distribution functions showing the frequency of appearance of each wave period, representing sequential time periods after the R-wave. These data were then used to determine the pul- 
RESULTS
The flow velocity value corresponding to the mean wave period of each distribution function in Fig. 2 is plotted and interpolated against the time elapsed after the R-wave as a flow velocity contour (bottom of Fig. 3 ) together with typical ventricular pressure pattern (top of Fig. 3) . The velocity contour con- (n=15) according to the time elapsed after NC administration. The statistical significance of the magnitude of vasodilation was checked by using the Student's t-test for differences between means in arterioles and venules (*p <0.05, ** p <0.02, *** p <0.01).
Ventricular pressure in Fig. 5 shows an initial slight decrease for the first minute followed by a rapid and marked increase reaching the maximum ratio of 1.45 at 5 min after NC administration. Thereafter, the pressure gradually decreased and returned to the control value at about 25 min. Mean flow velocity shows an initial increase attaining a maximum ratio of 1.34 at 5 min followed by a gradual decrease to the control value at 25 to 30 min after NC administration.
At least 2 min of observation are required to obtain the distribution functions of flow velocity using this measuring system. Therefore, no flow velocity reading could be obtained during the period producing the initial decrement in ventricular pressure. The phase of the subsequent changes in mean flow velocity was approximately consistent with that of the ventricular pressure.
Although the time of appearance of the initial decrement in heart rate was similar to that in ventricular pressure, the time required to reach a maximum was longer (13 min after NC administration) and the subsequent decrease was more gradual. Pulsatile amplitude rapidly increased during the initial period and reached a maximum of 1.30 at 3 min. Then it decreased, reaching the initial value at about 20 min after NC administration.
Increases in diameter occurred in both arterioles and venules within 10 min of NC administration (Fig. 6) . The magnitude of the increment in diameter appeared greater in arterioles than in venules. The difference in diameter increments between arterioles and venules was statistically significant during the period from 6 to 20 min after NC administration. The maximum ratio was 1.23 and Relative changes in flow rate and vascular resistance in arterioles are shown in Fig. 7 . The calculated ratio of the flow rate to its control value shows an initial rapid increase up to 2.15 at 8 min, followed by a decrease toward the control value. The relative resistance in arterioles decreased slightly but significantly after NC administration. It remained below the control value 30 min after replacement of the NC solution.
DISCUSSION
Although there was no spontaneous vasomotion in the microvessels of the frog web, the finding that NC caused only vasodilation of arterioles and venules supports a previous observation in bat wing by MARTZ et al. (1970) . They reported that, when the sympathetic nervous system was intact, NC caused a vasodilation of 30 % in minute arteries and of 10% in minute veins within 5 min and that the microvessels remained dilated during the subsequent 40 to 50 min. In the present study the maximum ratio of the diameter of arterioles and venules to control values was 1.23 and 1.15, respectively, and the difference between the two values was statistically significant. The difference in the amount of dilata-tion between arterioles and venules may indicate that arterioles are more sensitive to NC than venules. It is possible that the venules were passively dilated by the increments of venular blood pressure which resulted from the vasodilation of arterioles.
The flow velocity in capillaries of the cat mesentery has been shown to increase after NC administration (RICHARDSON, 1973) . But there is no previous data which can be directly compared with the present data indicating NC-induced flow velocity changes in arterioles. The change in mean blood flow velocity in web arterioles was almost parallel to that in ventricular pressure and the maximum ratio of the mean velocity to its control value was 1.34 at 5 min after NC administration. Changes in the vascular resistance of arterioles were estimated to determine whether the observed vasodilation was an active response of arterioles to NC or a passive response to the elevation of perfusion pressure. The only study on changes in microvascular resistance after NC administration has been done by RICHARDSON (1973) . He estimated the precapillary resistance in cat mesentery by computing the ratio of the blood pressure in the femoral artery to the flow velocity in the capillaries and concluded that there were no significant changes in precapillary resistance after NC administration. In the present study administration of NC was accompanied by a decrease in vascular resistance of web arterioles, which reached a maximum of 42 % at 27 min after the administration. The decrement in the vascular resistance of arterioles is also suggested by the fact that the arterioles remained dilated even after the ventricular pressure returned to the control value.
Our observation of NC-induced dilation of the frog web arterioles differs from earlier observations on frog muscles reported by HANDOVSKY and PICK (1913) and HAIMOVICI (1948) . Both of those earlier studies suggested that NC caused vasoconstriction in isolated hind leg muscles of frogs, thus decreasing the measured outflow of the perfusate from the muscle. The isolated skeletal muscle is so different in function from the intact web that disparate responses are not surprising. GRAHAM et al. (1971) suggested the possibility that the vasoresponse to NC is different in atonic (isolated) and tonic (perfused with noradrenaline) vessels. They demonstrated that NC caused only dilation of tonic vessels in the isolated rabbit ear. The vasodilation with NC found in our study is consistent with their results for tonic vessels.
Blood flow velocity in human skin microvessels is reported to decrease after smoking (FREUND and WARD, 1960; GERSHON-COHEN and HABERMAN, 1968; ASANO and BRANEMARK, 1970) . The nasopharyngeal reflex mechanism is involved in the vasopressor response to smoking. The irritation of the nasal membrane by nicotine-containing cigarette smoke causes strong microcirculatory effects (OHKUBO et al., 1981) . Administrations of nicotine via smoking and skin absorption may cause different effects on microvessels.
Finally it must be mentioned that the present set of experiments, where one web was immersed in a NC-solution while the other web was kept in water and observed by laser Doppler microscope, had two advantages: 1) NC could be administered without any catheterization and 2) the observed microvessels were free from any local effects of NC on the microvessels of the web which might have been induced by the immersion in the NC-solution.
In conclusion, NC was readily absorbed from frog webs and resulted in increments in both mean velocity and pulsatile amplitude of the blood flow in web arterioles and vasodilation in both arterioles and venules. By calculating the ratio of ventricular pressure to estimated blood flow rate, we concluded that NC caused the decrement in vascular resistance in web arterioles.
